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We propose a new mechanism for making dark matter self-interacting in the presence of a massive
spin-2 mediator. The derived Yukawa-type potential for dark matter is independent of the spins of
dark matter, so are the resulting Sommerfeld effects for the dark matter self-scattering. We find that
both the Born cross section and relatively mild Sommerfeld effects assist to make the self-scattering
cross section velocity-dependent. We discuss how to evade the current indirect bounds on dark
matter annihilations and show that the model is marginally compatible with perturbative unitarity
in the ghost-free realization of the massive spin-2 particle.
INTRODUCTION
There are plenty of indirect evidences for dark mat-
ter (DM) such as galaxy rotation velocities, gravitational
lensing, large scale structures, Cosmic Microwave Back-
ground (CMB) anisotropies, etc. It has been assumed
that dark matter is collision-less, so there is no or little
self-interaction between dark matter particles. Weakly
Interacting Massive Particles (WIMPs) have been a well
motivated candidate for dark matter with negligible self-
interaction and weak interactions with known particles
in the Standard Model but they have been challenged
by strong bounds from direct detection experiments [1].
Any single evidence for dark matter beyond the gravita-
tional interactions would provide an important guideline
for pinning down the particle physics nature of dark mat-
ter.
There has been a tension between N -body simulations
and observed rotation velocities in galaxies. The for-
mer favors the cuspy profile of dark matter density dis-
tribution at galaxies but the latter shows the cored pro-
files. This is known as the small-scale problem [2, 3],
which is related to another problem such as too-big-to-
fail problem. Self-Interacting Dark Matter (SIDM) has
been suggested to solve those small-scale problems via
the large self-scattering cross section with σself/mDM =
0.1− 10 cm2/g [4]. Although baryonic effects, if included
in the N -body simulations, could ease or eliminate the
tension [5], it is worthwhile to investigate the particle
physics models for DM self-interactions and look for the
observable signatures.
In this article, we propose a novel mechanism for self-
interacting dark matter of arbitrary spin by exchanging
a massive spin-2 mediator between dark matter parti-
cles. The spin-2 mediator couples to dark matter through
the energy-momentum tensor [6–8], giving rise to the ef-
fective Yukawa-type potential between dark matter par-
ticles. In this framework, we compute the momentum
transfer cross section for DM self-scattering in the Born
limit and include the Sommerfeld effects in the presence
of a light spin-2 mediator. We also show how the DM
self-scattering cross section is velocity-dependent in or-
der to satisfy the bounds from galaxy clusters. We also
discuss the consistency of large self-interactions with in-
direct bounds on dark matter annihilations and pertur-
bative unitarity in the presence of non-linear spin-2 cou-
plings.
DARK MATTER POTENTIAL FROM SPIN-2
MEDIATORS
We introduce the couplings of a massive spin-2 medi-
ator Gµν with mass mG to the SM particles and dark
matter with mass mDM (which is a real scalar S, a
Dirac fermion χ or a real vector X), through the energy-
momentum tensor, as follows [6],
Lint = −cSM
Λ
GµνT SMµν −
cDM
Λ
GµνTDMµν . (1)
Then, the tree-level scattering amplitude for the self-
scattering of dark matter through the spin-2 mediator
is
M = −c
2
DM
Λ2
i
q2 −m2G
TDMµν (q)Pµν,αβ(q)TDMαβ (−q) (2)
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2where q is the 4-momentum transfer between dark matter
and the SM particles and the tensor structure for the
massive spin-2 propagator is given by
Pµν,αβ(q) = 1
2
(
GµαGνβ +GναGµβ − 2
3
GµνGαβ
)
(3)
with
Gµν ≡ ηµν − qµqν
m2G
. (4)
The tensor Pµν,αβ satisfies traceless and transverse condi-
tions for on-shell spin-2 mediator, such as ηαβPµν,αβ(q) =
0 and qαPµν,αβ(q) = 0 [6]. A similar approach was taken
for computing the DM-nucleon scattering amplitudes in
the effective field theory with a massive spin-2 mediator
and dark matter [7, 8].
Due to energy-momentum conservation, qµT
µν = 0,
we can replace Gµν in the scattering amplitude (2) by
ηµν . Then, the self-scattering scattering amplitude for
dark matter is divided into trace and traceless parts of
energy-momentum tensor, as follows,
M = −c
2
DM
Λ2
i
q2 −m2G
(
2TDMµν T
DM,µν − 2
3
(TDM)2
)
.(5)
As a consequence, in the non-relativistic limit of dark
matter and mG . mDM, we find that the effective poten-
tial for dark matter is approximated to be Yukawa-type,
up to (mG/mDM)
2 corrections, independent of the spins
of dark matter, as follows,
Veff ' −ADM
4pir
e−mGr (6)
with
ADM =
2c2DMm
2
DM
3Λ2
. (7)
Therefore, the effective self-coupling ADM of dark mat-
ter is determined by the DM mass and the gravitational
coupling to the spin-2 mediator.
VELOCITY-DEPENDENT SELF-INTERACTIONS
The momentum transfer cross section for DM self-
scattering [9, 10] is given by
σT = 2pi
∫ 1
−1
dσ
dΩ
(
1− | cos θ|
)
d cos θ. (8)
Then, in the Born regime with ADMmDM/(4pimG) . 1
and mDMv . mG where v is the relative velocity of dark
matter, the momentum transfer cross sections for DM
self-scattering are given in the order of scalar, fermion
and vector dark matter, as follows,
σBornS,T '
A2S
4pim2Gv
2
ln
(
1 +
m2Sv
2
m2G
)
(
1 +
m2Sv
2
2m2G
)3 , (9)
σBornχ,T '
A2χ
8pim2χv
4
[(
1 +
2m2χm
4
Gv
2
(m2χv
2 + 2m2G)
3
)
ln
(
1 +
m2χv
2
m2G
)
− m
2
χv
2
m2χv
2 +m2G
]
, (10)
σBornX,T '
A2X
12pim2Gv
2
(32− 56rX + 27r2X)
(4− rX)2
ln
(
1 +
m2Xv
2
m2G
)
(
1 +
m2Xv
2
2m2G
)3
(11)
with ADM being defined in eq. (7) for DM = S, χ,X and
rX = (mG/mX)
2. These approximate results in the Born
limit are used to compare with the full results in the later
discussion in Fig. 2. In the limit of a vanishing DM veloc-
ity, the results obtained from eqs. (9)-(11) differ from the
total self-scattering cross sections in Ref. [8] by 1/2, 3/4
and 1/2 factors for scalar, fermion and dark matter cases,
respectively, due to the fact that the momentum transfer
is not averaged over in the latter case.
In the non-perturbative regime with
ADMmDM/(4pimG) & 1, for a small velocity with
mDMv . mG, Sommerfeld and bound-state effects
become important. In this case, we need to resum
the ladder diagrams for the self-scattering of dark
matter in the Feynman diagram approach, resulting
in a Schro¨dinger-like equation with the Yukawa-type
potential for dark matter given in eq. (6). Adopting
the approximate analytic solutions by replacing the
Yukawa potential (6) with the Hulthe´n potential,
VH = −ADM4pi δe
−δr
1−e−δr , with δ =
pi2
6 mG, we obtain the
Sommerfeld factor for the s-wave dark matter scattering
[11] as
S0 =
pi
2x sinh(2piw)
sinh
[
piw
(
1−√1− xw)] sinh [piw(1 +√1− xw)]
(12)
with x = ADM4piv and w =
k
δ =
6
pi2
mDMv
mG
. Then, the momen-
tum transfer cross section is replaced by σT ' σHulthenT =
S0 σ
Born
T . We note that the Sommerfeld factor is satu-
rated to a constant value for v . pi12 mG/mDM.
Moreover, dark matter can form an s-wave bound state
for ωx = n2 for a positive integer n [11], leading to the
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FIG. 1: Contours of dark matter self-scattering cross sections in mG vs mDM, depending on the spins of dark
matter, s = 0, 1/2, 1 from left to right. We have chosen ADM = 0.1 and the DM velocity to the one at dwarf
galaxies, vdwarf = 10
−4. Blue (Orange) dashed and solid lines correspond to σT /mDM = 0.1, 10 cm2/g, respectively,
with (without) Sommerfeld effects.
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FIG. 2: The DM self-scattering cross section divided by DM mass as a function of the DM velocity, depending on
the spins of dark matter, s = 0, 1/2, 1 from left to right. We have chosen ADM = 0.1 and mDMvdwarf/mG = 0.01, at
dwarf galaxies with vdwarf = 10
−4. Solid and dashed lines are shown for the full and approximate formulas for the
self-scattering cross section in the Born limit, respectively.
resonance condition for the spin-2 mediator mass,
mG =
3
2pi3n2
ADMmDM =
c2DM
pi3n2
m3DM
Λ2
. (13)
This is an intriguing relation between the masses for the
spin-2 mediator and dark matter and the strength of the
spin-2 mediator coupling.
In Fig. 1, we depict the contours of the momentum
transfer self-scattering cross section divided by the DM
mass in the parameter space for mG vs mDM, for the
spin of dark matter, s = 0, 1/2, 1 from left to right. The
blue dashed and solid contours are the results with Som-
merfeld effects for σT /mDM = 0.1, 10 cm
2/g for the DM
velocity at dwarf galaxies, vdwarf = 10
−4, whereas the or-
ange dashed and solid lines are the counterparts without
Sommerfeld effects included. We find that fermion dark
matter is distinguishable from scalar or vector dark mat-
ter, due to the difference in the Born cross section. This
is because the particle-particle and particle-anti-particle
scattering processes coexist in the case of fermion dark
matter, unlike in the other cases. In particular, it is no-
ticeable that fermion dark matter can have a large self-
scattering cross section up to the DM mass of the order
of 10 TeV.
On the other hand, in Fig. 2, we show the momentum
transfer self-scattering cross section divided by the DM
mass as a function of the DM velocity, for the spin of
4dark matter, s = 0, 1/2, 1 from left to right. We chose
ADM = 0.1 and mDMvdwarf/mG = 0.01. Then, for v .
pi
12
mG
mDM
∼ 10−3, the Sommerfeld factor is saturated to a
constant value. We showed the results in each plot for
mDM = 10, 100 GeV in blue and red lines, respectively.
The solid (dashed) lines of each plot are shown for the full
(approximate) results for the Born self-scattering cross
section with Sommerfeld effects included, showing that
the approximate formulas given in eqs. (9)-(11) work well
below the DM velocity for the galaxy clusters, v ∼ 10−2.
We remark that the velocity dependence of the self-
scattering cross section is significant already in the Born
limit given in eqs, (9)-(11), so only mild Sommerfeld ef-
fects are needed to get sufficiently large values of the
self-scattering cross section for WIMP dark matter. For
instance, the Sommerfeld factor for the examples shown
in Fig. 2 are introduced such that S0 ∼ 102 − 103. As
we increase ADM, the self-scattering cross section in the
Born limit as well as the Sommerfeld factor increase, so
we can obtain the desirable self-scattering cross section
with a larger DM mass compatible as the contour with
mDM = 100 GeV shifts up in Fig. 2. In general, keeping
the Sommerfeld factor to be fixed for a larger (smaller)
ADM, we need to choose a smaller (larger) DM mass or
a larger (smaller) spin-2 mediator mass in order to get
the Sommerfeld factor saturated at a larger velocity and
prevent it from increasing further at galaxy scales.
DARK MATTER ANNIHILATIONS AND
UNITARITY
We remark some of the issues with a light spin-2 me-
diator. First, when dark matter couples to a light spin-2
mediator, it is indispensable for dark matter to annihi-
late into a pair of spin-2 mediators, i.e. DM DM → GG
is kinematically open. It is known that the dark mat-
ter annihilation into a pair of spin-2 mediators is s-wave,
independent of the spins of dark matter [6]. So, if the
DM DM→ GG annihilation process dominates in deter-
mining the relic density and the spin-2 mediator decays
before the CMB recombination, the corresponding anni-
hilation cross section would be enhanced by the Som-
merfeld effects at a smaller velocity, thus making the
WIMP-like dark matter incompatible with Planck data.
However, simple solutions to this problem would be to
make the spin-2 mediator long-lived until CMB recom-
bination with small couplings to the SM or make the
DM DM→ GG annihilation channel subdominant for de-
termining the relic density [12] or produce dark matter
during the early matter domination [13]. In the first solu-
tion, we could make the spin-2 couplings to the SM small
enough. In the second solution, there is no need of a large
suppression of the dark matter annihilation into a pair of
spin-2 mediators, because we needed relatively mild Som-
merfeld effects for velocity-dependent self-interactions.
Furthermore, another issue is the perturbative unitar-
ity for the dark matter annihilation into a pair of spin-2
mediators. But, in this case, the perturbative unitar-
ity depends on other couplings of the spin-2 mediators
such as quadratic couplings to dark matter and cubic self-
couplings [14, 16], without affecting our previous discus-
sion on the DM self-scattering. In particular, non-linear
interactions for the massive spin-2 particle are important
for the ghost-free realization of a massive spin-2 particle
[14, 15].
For instance, choosing non-linear interactions for the
spin-2 mediator appropriately in the dRGT gravity [14],
the unitarity can be preserved best until the energy scale
[16], given by
Emax ∼
(
mGΛ
2
c2DM
)1/3
=
(
2mGm
2
DM
3ADM
)1/3
. (14)
Thus, close to the resonance condition for Sommerfeld
effects in eq. (13), we find that the maximum energy
scales for dark matter annihilation processes become
Emax ∼ 1pin2/3 mDM, which is independent of the effec-
tive fine-structure constant ADM for the spin-2 mediator.
This result is in contrast with the case without non-linear
interactions for which unitarity would be violated at
E′max ∼ (m2GΛ/cDM)1/3 = (m2GmDM)1/3(3ADM/2)−1/6
[8, 16]. In this case, close to the resonance condition in
eq. (13), we get a parametrically smaller unitarity scale
than in the dGRT gravity. As a result, we observe that
perturbativity unitarity is less stringent in the dRGT
gravity, ensuring the effective field theory for the mas-
sive spin-2 mediator to be valid at least in the regimes
where the velocity-dependent self-scattering for WIMP
dark matter are relevant at galaxies and galaxy cluster
scales and the corresponding freeze-out process is taken
into consideration.
5CONCLUSIONS
We investigated a novel possibility that self-interacting
dark matter is endowed to be velocity-dependent due to
the exchange of a massive spin-2 particle between dark
matter particles. We showed that both the Born self-
scattering cross section and the relatively mild Sommer-
feld effect assist to make the self-interacting cross section
velocity-dependent to be compatible with rotation curves
of both galaxies and galaxy clusters. Self-interacting dark
matter necessarily annihilates into a pair of spin-2 medi-
ators, but the potential problem for CMB recombination
can be avoided if there exist other DM annihilation chan-
nels or the spin-2 mediator is sufficiently long-lived. We
also found that the model can be marginally consistent
with perturbative unitarity in the ghost-free realization
of the massive spin-2 particle.
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